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INTRODUCTION

It is estimated that approximately 30,000 persons in the
United States, and an equal number elsewhere, have cystic
fibrosis (CF), making it the most common lethal genetic dis-
order in Caucasians. CF is caused by mutations in the CF
transmembrane conductance regulator (CFTR) protein, which
normally functions to regulate the transepithelial ion flow crit-
ical to maintaining the proper ionic composition and volume of
airway surface fluid (105). For reasons that are incompletely
understood, the alterations of airway surface liquid resulting
from dysfunctional or absent CFTR render CF patients sus-
ceptible to chronic endobronchial infections. The associated
neutrophilic inflammatory response leads to progressive lung
disease and, ultimately, pulmonary failure, the primary cause
of death in CF. Despite impressive advances in life expectancy
in CF during the last 3 decades, the median predicted survival
is approximately 37 years (72).

There is a perception that the epidemiology of respiratory
tract infection in persons with CF has changed in recent
years. The available data seem to support this perception,
and there are several possible reasons to explain the changes
observed in the rates of infection due to specific microbial
species and the apparent emergence of additional species
that previously have not been associated with CF. However,
there are also several caveats that confound interpretations
of these observations.

This review will provide an update of the salient features of
the epidemiology of specific opportunistic bacterial species
that infect the airways of persons with CF, highlighting recent
apparent changes in this epidemiology. Updates on the epide-
miology of select fungal and viral species will also be provided.
Factors that challenge our ability to more precisely interpret
currently available data for tracking CF microbial epidemiol-
ogy will be described. Reviews of the pathogenesis, microbiol-
ogy, treatment, and clinical outcomes of respiratory tract in-
fection in CF, as well as infection control in CF, can be found
elsewhere (76, 105, 174, 180, 187, 190, 264, 266, 283, 297).

BACTERIA

The bacterial species most commonly associated with respi-
ratory tract infection in CF include common human pathogens
such as Staphylococcus aureus and Haemophilus influenzae as
well as several opportunistic pathogens, the most important of
which is Pseudomonas aeruginosa. Other opportunists include
nosocomial pathogens such as Stenotrophomonas maltophilia
and Achromobacter xylosoxidans and species that are only oc-
casionally associated with human infections apart from CF,
such as the Burkholderia cepacia complex, Burkholderia gladi-
oli, Ralstonia species, Cupriavidus species, and Pandoraea spe-
cies. Although some of these species have been associated with
poor outcomes in CF, the role that other species may play in
contributing to disease progression remains uncertain. The
following sections will highlight important features of the ep-
idemiology of these species in CF.

Pseudomonas aeruginosa

Incidence and prevalence. P. aeruginosa is the most common
bacterial species involved in respiratory tract infection in CF.
In the United States, 52.5% of patients included in the Cystic
Fibrosis Foundation (CFF) Patient Registry were reported to
have had P. aeruginosa recovered from sputum culture speci-
mens in 2008 (72). The prevalence of infection varied signifi-
cantly by age, ranging from approximately 25% for children 5
years of age and younger to 80% for adults 25 to 34 years of
age (72). However, it appears that the prevalence of P. aerugi-
nosa infection in CF may be decreasing. In a recent analysis of
data from the CFF Patient Registry, Razvi and colleagues
(249) reported that the prevalence of P. aeruginosa infection in
U.S. CF patients decreased from 60.4% in 1995 to 56.1% in
2005. The overall incidence of infection did not change during
this interval; however, significant increases in the incidences of
P. aeruginosa infection were observed for infants 1 year of age
and younger and for children 2 to 5 years of age. In contrast,
another recent analysis did not show a significant decrease in
the prevalence of P. aeruginosa infection in adult CF patients
receiving care at the Royal Brompton Hospital, London,
United Kingdom, between 1985 and 2005 (203).

The deleterious impact that chronic P. aeruginosa infection
has on lung function in CF has been well described (131, 155,
165, 175, 230). Initially, infection can be intermittent and in-
volve multiple strains. Eventually, a single strain dominates
and establishes chronic infection, which is most often marked
by a shift in the infecting strain to a mucoid phenotype (117).
Eradication of pulmonary infection after this point is generally
not possible.

Epidemic strains. Several studies demonstrated that people
with CF who are infected with P. aeruginosa typically harbor
distinct strains, presumably acquired from the natural environ-
ment (188, 260, 277). Although the transmission of strains
between siblings has been well documented (120, 311, 352), the
risk of patient-to-patient spread of P. aeruginosa had been
considered to be low. However, in 1996, genotyping analysis of
isolates recovered during an antibiotic trial identified a �-lac-
tam-resistant strain infecting 55 children receiving care in a
Liverpool, United Kingdom, treatment center (45). This was
followed by reports describing other shared or “epidemic” P.
aeruginosa strains in CF care centers in the United Kingdom
and Australia (7, 10, 147, 224). In 2004, Scott and Pitt (277)
reported the results of a genotyping analysis of 1,225 P. aerugi-
nosa isolates recovered from CF patients receiving care in 31
treatment centers in the United Kingdom and demonstrated
that 28% of infected patients harbored a strain that was shared
with another patient. Several small clusters of patients with
common strains were identified and were found in all but three
centers. The two most prevalent strains alone accounted for
more than 20% of the patient isolates examined. Some strains,
including the Liverpool and Midlands 1 epidemic strains, were
widely distributed, being identified in 48% and 29% of CF
treatment centers, respectively.

The impact that epidemic P. aeruginosa strains have on clin-
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ical outcomes has been debated. Most strains are multidrug
resistant, and some have been associated with increased mor-
bidity in infected patients (5, 10, 146, 221). Superinfection of
CF patients already chronically infected with P. aeruginosa and
transmission from an infected CF patient to non-CF family
members have been reported for the Liverpool epidemic strain
(199, 200); however, it is not clear if all epidemic P. aeruginosa
strains have comparable capacities for spread.

Acquisition and transmission. The epidemiological and mi-
crobiological basis for epidemic P. aeruginosa strains remains
poorly understood. The finding of multiple, relatively small
clusters of patients within the same treatment center who are
infected with a shared strain (224, 277, 287) suggests interpa-
tient transmission, possibly resulting from inadequate infection
control measures. Acquisition from a common nosocomial
source is also a possibility; however, surveillances of hospital
inpatient and outpatient environments have typically not re-
vealed a reservoir for shared strains (45, 147). Strains that are
more widely distributed (i.e., found in multiple care centers)
suggest contact among and cross-infection between patients
receiving care in different centers or an independent acquisi-
tion of a strain that is particularly common in the natural
environment. Romling and colleagues described a P. aerugi-
nosa strain (designated clone C) that was recovered from in-
fected CF patients as well as from environmental samples in
geographically diverse areas of Germany (261). This same
strain was subsequently identified in cultures from CF patients
in diverse regions of the United Kingdom (277), suggesting
that it is widely distributed in the natural environment. Other
epidemic strains have not been identified in environmental
samples, although genotyping surveys of large numbers of
strains recovered from the environment are lacking. In any
event, the finding that some strains are shared by many CF
patients suggests that certain strains are particularly fit for
human infection.

Strains that are common to large numbers of CF patients
have not been described in North America. Speert and col-
leagues analyzed isolates recovered between 1981 and 1999
from 174 CF patients in Vancouver, British Columbia, and
found 157 distinct strains, 123 of which were unique to indi-
vidual patients (287). Several distinct strains were shared by
clusters of two, three, or four patients. Although two strains
were shared by larger numbers of patients (21 patients and 18
patients), epidemiological investigations found little evidence
for direct contact between patients in either cluster. The pres-
ence of epidemic P. aeruginosa strains in the United States
remains uncertain in the absence of genotyping studies of
isolates recovered from large numbers of CF patients. Of note,
most epidemic strains in Europe and Australia described have
had a multidrug-resistant phenotype, making their occurrence
in patients with relatively little antibiotic exposure the subject
of further investigation. The presence in a patient population
of epidemic strains that do not have an unusual or noteworthy
phenotype might not be so easily detected. Active surveillance
of sufficiently large numbers of patient isolates is required to
rule out the presence and ongoing spread of shared strains.
Unfortunately, such surveillance is not always a component of
routine CF care.

Burkholderia Species

When the genus Burkholderia was named in 1992, it was
composed of seven species that were formerly classified in
rRNA homology group II of the genus Pseudomonas (357).
These species included B. cepacia, B. gladioli, Burkholderia
pickettii, Burkholderia mallei, Burkholderia pseudomallei, Burk-
holderia caryophylli, and Burkholderia solanacearum. Since
then, further taxonomic studies identified numerous additional
Burkholderia species. The genus currently consists of more
than 60 species, most of which are found in the natural envi-
ronment and are not pathogenic for healthy humans (see http:
//www.bacterio.cict.fr/ for an updated list of species). Several
species, however, are capable of causing chronic and often
severe respiratory tract infections in persons with CF. Most of
these species are within the B. cepacia complex, a group cur-
rently consisting of 17 closely related species. An important
exception is B. gladioli, which, although not a member of the B.
cepacia complex, now accounts for a significant proportion of
Burkholderia infection in CF. Among the remaining Burkhold-
eria species, only Burkholderia fungorum and B. pseudomallei
have been identified as causing infection of CF patients (58).
The latter species has most often involved individuals who have
traveled to regions of endemicity (70, 73, 223, 276, 337) and is
notable as being listed, together with B. mallei, as a “select
agent” by the U.S. Department of Health and Human Services
and the Department of Agriculture (http://www.selectagents
.gov) owing to its potential use as an agent of bioterrorism.

B. cepacia complex and B. gladioli. (i) Taxonomy and no-
menclature. Pseudomonas cepacia was initially described as
being a pathogen of onions (34) and for many years was iden-
tified only sporadically in association with human infections,
typically involving debilitated patients with underlying dis-
eases. The first reports of B. cepacia infection in CF patients
appeared in the late 1970s and early 1980s (26, 112, 171, 222,
263). In 1984 Isles and colleagues (140) documented the in-
creasing prevalence of B. cepacia infection among patients
receiving care in a Toronto CF center and described the oc-
currence of a rapidly progressive deterioration in respiratory
function characterized by necrotizing pneumonia, bacteremia,
and sepsis. This “cepacia syndrome” was observed for as many
as 20% of infected patients. Similar increases in incidences of
B. cepacia infection were noted subsequently in other CF treat-
ment centers in North America (302, 303, 308).

During the mid-1990s, Vandamme and colleagues (322) per-
formed comprehensive taxonomic studies to demonstrate that
bacteria being identified as B. cepacia strains actually com-
prised several distinct species. These species were found to be
unusually closely related, forming a distinct phylogenetic group
within the genus. By taxonomic convention these species were
referred to as “genomovars” until distinguishing phenotypic
characteristics were identified, which then allowed each new
species to receive a formal binomial designation. Currently,
there are 17 species in what is collectively referred to as the B.
cepacia complex (Table 1). B. gladioli, although phenotypically
quite similar to these species, is phylogenetically not a member
of the B. cepacia complex (349).

(ii) Incidence and prevalence. The prevalence of B. cepacia
complex infection in CF patients in the United States has
ranged between 3% and 4% for many years. As is the case with
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P. aeruginosa, significant differences in age-specific prevalence
rates are found, with rates as high as 8% being reported for
adults. Razvi and colleagues (249) reported that the incidence
of infection, based on CFF Patient Registry data, decreased
from 1.3% to 0.8% between 1995 and 2005. The overall prev-
alence of infection also decreased from 3.6% to 3.1% during
this period. An analysis of microbiological data from the Royal
Brompton Hospital indicates that while the prevalence of B.
cepacia complex infection increased significantly in adult CF
patients between 1985 and 1990, it decreased from 9% to 4%
between 1990 and 2005 (203).

(iii) Species distribution in CF. With the exception of Burk-
holderia ubonensis, all species in the B. cepacia complex have
been isolated from CF sputum cultures; however, some are

much more commonly encountered in CF than are others. The
approximate distribution of B. gladioli and B. cepacia complex
species among Burkholderia-infected CF patients in the United
States is provided in Fig. 1A (184; my unpublished observa-
tions). Burkholderia multivorans and Burkholderia cenocepacia
are most frequently recovered, together accounting for approx-
imately 70% of infected patients. In Canada and some Euro-
pean countries, the proportion of CF patients infected with B.
cenocepacia is higher (3, 288). Of note, B. gladioli is much more
frequently recovered in CF than are most species of the B.
cepacia complex, and B. cepacia is relatively infrequently en-
countered. Furthermore, some CF patients are infected with
bacteria that, based on genetic analyses, are most appropri-
ately included in the B. cepacia complex but cannot be assigned
to one of the currently named species. These strains most likely
represent additional novel species within the complex. Finally,
the incidences of B. multivorans and B. cenocepacia infection in
CF appear to have shifted during the last few years (115, 251).
Whereas B. cenocepacia previously accounted for the majority
of Burkholderia infection in CF (251), currently, approximately
three times as many CF patients in the United States become
infected with B. multivorans as with B. cenocepacia (Fig. 1B). In
the United Kingdom, the recovery of B. multivorans from CF
patients now also exceeds that of B. cenocepacia (115).

(iv) Epidemic strains. A variety of methods have been used
to genotype Burkholderia to assess the epidemiology of infec-
tion in CF (14, 59, 75, 179, 182, 189, 290). Genotyping studies
in the late 1980s identified strains that were common to mul-
tiple patients receiving care in the same CF centers (182),
suggesting interpatient spread. More compelling evidence of
patient-to-patient transmission of Burkholderia soon followed
(116, 181). Further studies identified strains common to CF
patients in wider geographic regions. Among such so-called
“epidemic” strains, the ET12 (for electrophoretic type 12)

TABLE 1. The Burkholderia cepacia complex

Species
Former

genomovar
designation

Yr identified and/
or named Reference(s)

B. cepacia I 1950, 1997 34, 322
B. multivorans II 1997 322
B. cenocepacia III 1997, 2003 321, 322
B. stabilis IV 1997, 2000 322, 323
B. vietnamiensis V 1995, 1997 107, 322
B. dolosa VI 2001, 2004 58, 335
B. ambifaria VII 2001 63
B. anthina VIII 2002 319
B. pyrrocinia IX 2002 319
B. ubonensis 2000, 2008 333, 355
B. latens 2008 333
B. diffusa 2008 333
B. arboris 2008 333
B. seminalis 2008 333
B. metallica 2008 333
B. contaminans 2009 332
B. lata 2009 332

FIG. 1. (A) Distribution of Burkholderia species among U.S. CF patients. The proportions of CF patients infected with various Burkholderia
species are shown. The data are based on 2,024 CF patients who were infected with Burkholderia species and whose isolates were referred to the
Burkholderia cepacia Research Laboratory and Repository (University of Michigan) between 1997 and 2007. “Other Bcc species” indicates patients
infected with B. cepacia complex species other than those specified in the chart. “Indeterminate” refers to patients infected with strains that
phylogenetically are members of the B. cepacia complex species but that cannot be definitively placed into one of the 17 defined species in this
group. (B) Incidence of B. cenocepacia and B. multivorans infection in U.S. CF patients. The proportions of B. cepacia complex-infected CF patients
who were first infected with either B. cenocepacia (red line) or B. multivorans (blue line) in the years indicated are shown.
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strain was found to be prevalent in eastern Canada and the
United Kingdom (145, 239). The Midwest clone and strain
PHDC were subsequently identified in CF patients in the Mid-
west and mid-Atlantic regions of the United States, respec-
tively (43, 60, 168, 293). A strain referred to as ST04 (or
randomly amplified polymorphic DNA [RAPD] type 04) was
identified in samples from several patients in western Canada,
and strain CZ1 was identified in the majority of isolates from
Burkholderia-infected CF patients in a Prague, Czech Repub-
lic, CF center (89, 191, 288). Interestingly, these five strains are
representatives of B. cenocepacia. Additional B. cenocepacia
strains were found to be shared by multiple patients attending
various Italian CF centers (39, 194). Common or shared strains
from other B. cepacia complex species have been reported, but
these have generally involved fewer CF patients (22, 39, 88,
278). Notable exceptions include Burkholderia dolosa strain
SLC6, which was identified in an outbreak involving a large
proportion of patients receiving care in the same U.S. CF
center, and the “Glasgow strain” of B. multivorans, which was
identified from an outbreak of infection in CF patients in that
city in the early 1990s (22, 151, 350).

(v) Acquisition and transmission. The identification of ep-
idemic strains suggests that some Burkholderia strains are par-
ticularly well adapted to human infection, have an enhanced
capacity for interpatient transmission, and/or are widely dis-
tributed in the natural environment. Compelling evidence for
the interpatient transmission of B. cenocepacia strains ET12
and PHDC and B. dolosa strain SLC6 has been provided by
epidemiological investigations of outbreaks of infection in se-
lect patient populations (43, 116, 181). The decreases in inci-
dences of infection by these strains following the institution of
strict infection control measures confirm the importance of
interpatient transmission in their epidemiology (43, 213). In
fact, the acquisition of strains ET12 and SLC6 by CF patients
in care centers wherein stringent infection control policies
have been maintained has been essentially eliminated. The
situation with respect to PHDC and the Midwest clone is less
clear. While the incidence of infection due to these strains has
decreased with improved infection control (my unpublished
observations), it has not been eliminated, and the recovery of
these strains in the absence of apparent contact with other
infected patients suggests acquisition from nonpatient sources.
Strain PHDC has been recovered from agricultural soil in the
United States and from CF patients in diverse locations in the
United States and Europe, strongly suggesting that this strain
is widely distributed in the natural environment, which serves
as a source of ongoing acquisition (39, 65, 100, 183). In con-
trast, the Midwest strain has not been found in surveys of
strains recovered from the natural environment in regions
where this strain is found in patients (244, 293). Thus, at
present, it appears that infection control (or a lack thereof),
distribution in the natural environment, and possibly some
innate, as-yet-uncharacterized bacterial factors have contrib-
uted to the capacity of epidemic strains to become prevalent in
the CF population.

Despite the importance of epidemic strains in the epidemi-
ology of Burkholderia, however, it must be emphasized that the
majority of infected CF patients harbor genotypically distinct
strains. In particular, although B. multivorans and B. gladioli
together account for greater than half of the Burkholderia

infections in the CF population, at least in the United States,
strains belonging to these two species that are shared by mul-
tiple CF patients are uncommon. These observations indicate
that the majority of new Burkholderia infection in CF patients
currently involves the acquisition of strains from independent
sources, most likely in the natural environment (115, 210).
Indeed, a recent analysis employing multilocus sequence typ-
ing (MLST) demonstrated that more than 20% of 381 CF
isolates were indistinguishable from strains recovered from the
environment (13). Interestingly, although B. gladioli and B.
cepacia are well-recognized plant pathogens and other species,
particularly Burkholderia ambifaria, can be readily recovered
from the rhizosphere of certain plants, B. multivorans has been
only infrequently recovered from the environment, and its pre-
ferred natural habitat remains elusive (47, 99, 204, 244, 335).

Finally, numerous health care-associated outbreaks of Burk-
holderia infection due to contaminated medical devices and
products, including mouthwashes, ultrasound gels, skin anti-
septics, and medications, have been described (15, 21, 32, 96,
126, 139, 170, 186, 206, 219, 231, 233, 245, 250, 259, 304, 344,
345). These outbreaks have generally involved hospitalized
non-CF patients, but the potential for the acquisition of Burk-
holderia infection among CF patients from such products must
be considered in any outbreak investigation.

(vi) Epidemiology of chronic infection. Although a transient
infection of the respiratory tract may occur for some patients,
the acquisition of Burkholderia most typically results in chronic
infection. Most often, chronic infection involves a single strain
(359); however, prolonged coinfection with two distinct strains
can occur (my unpublished observations). The replacement of
an initial infecting strain with another strain during the course
of chronic infection has been described. Superinfection due to
ET12, wherein this strain replaced another infecting strain,
most likely occurred as a consequence of cross-infection from
other ET12-infected patients (116, 173). The replacement of B.
multivorans by various B. cenocepacia strains occurred in six
patients described by Mahenthiralingam and colleagues (191).
In only one of these cases was the superinfecting B. cenocepa-
cia strain from the ET12 lineage. Conversely, the replacement
of B. cenocepacia by strains belonging to other B. cepacia
complex species was not observed. In an analysis of 1,095
Burkholderia isolates recovered from 379 CF patients, Bern-
hardt and colleagues (20) found a change in the infecting strain
for 24 patients (6.9%) infected with B. cepacia complex strains
and for 3 patients (9%) infected with B. gladioli. In most cases
(63%), a B. cenocepacia strain replaced a non-B. cenocepacia
strain; none of the superinfecting B. cenocepacia strains were
of the ET12 lineage.

Staphylococcus aureus

Incidence and prevalence. S. aureus is often the first and is
among the most common bacterial pathogens recovered from
the respiratory tract of persons with CF (9). In 2008, S. aureus
was isolated from respiratory tract cultures from 50.9% of CF
patients included in the CFF Patient Registry (72). The prev-
alence was greatest, exceeding 60%, among children aged 6 to
10 years and adolescents aged 11 to 17 years. Analysis of the
CFF Patient Registry also indicates that the prevalence of S.
aureus infection in CF patients in the United States increased
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steadily during the last 14 years. In 1995, S. aureus was isolated
from the respiratory tracts of only approximately 37% of pa-
tients.

MRSA. As dramatic as the overall increase in S. aureus
infection in CF is the increase in the prevalence of methicillin-
resistant S. aureus (MRSA) in this patient population. In 2001,
7.3% of patients reported to the CFF Patient Registry had a
MRSA strain recovered in culture (72). The prevalence in-
creased to 22.6% in 2008. Significant increases in the incidence
and prevalence of MRSA infection occurred for all ages, but
prevalence was greatest for adolescents aged 11 to 17 years
(249). However, MRSA incidence and prevalence rates vary
significantly among CF treatment centers. Elizur and col-
leagues (92) reported a steady increase in the rate of MRSA
infection in a large U.S. CF center for several years leading up
to 2004, at which time incidence and prevalence rates of 10%
and 27%, respectively, were observed.

The increase in MRSA infection in CF parallels the increase
in the incidence of community-acquired MRSA (CA-MRSA),
in general, in the United States and elsewhere (71, 135, 160,
208, 242, 298, 324). CA-MRSA strains are characterized by the
presence of the mecA gene, which mediates methicillin resis-
tance, on mobile genetic elements designated staphylococcal
cassette chromosome mec (SCCmec) type IV or SCCmec type
V. This feature along with the presence of the lukS-PV and
lukF-PV genes that encode the Panton-Valentine leukocidin
(PVL) distinguish CA-MRSA from so-called health care-asso-
ciated MRSA (HA-MRSA) (102, 196, 209, 218, 307). Whether
the increase in the incidence of infection due to CA-MRSA in
the general population accounts for the increase in MRSA
infection in CF is not entirely clear. Glikman and colleagues
(110) analyzed 34 MRSA isolates recovered from 34 CF pa-
tients receiving care at two large treatment centers between
2004 and 2005. Although HA-MRSA isolates were more than
twice as common as CA-MRSA isolates, the latter predomi-
nated in patients who were newly infected. More recently,
Goodrich and colleagues (114) assessed the prevalence of CA-
MRSA among CF patients receiving care in another large
treatment center between 2005 and 2007. A total of 140
(19.8%) of the 707 CF patients in this center were infected
with MRSA, a rate comparable to that observed for CF pa-
tients nationally. Among the MRSA-infected patients, 19
(14%) harbored CA-MRSA, while the remainder were in-
fected with HA-MRSA.

Acquisition and transmission. S. aureus is a frequent colo-
nizer of the anterior nares, being present in approximately
37% of children aged 1 to 19 years (167). This colonization,
although most often benign for the host, is an important res-
ervoir for the acquisition of S. aureus by others. Colonization
of the nares also presents a risk factor for subsequent infection
of particularly vulnerable individuals, including residents of
chronic care facilities, patients undergoing cardiothoracic sur-
gery, and newborn infants in intensive care units (119, 122,
162). Goerke and colleagues (111) cultured the anterior nares
of 72 individuals with CF aged 1 to 25 years and 72 age-
matched non-CF controls. They also investigated the S. aureus
colonization status of 128 family members of 38 children with
CF and 79 members of 23 non-CF families. They found a
significantly greater prevalence of nasal carriage of S. aureus
among CF patients who had not been treated with antistaphy-

lococcal antibiotics during the 4 weeks preceding culture
(66%) than among CF patients who had not been recently
treated (29%) or individuals without CF (32%). Genotyping
analyses indicated that colonized individuals within the same
family most often shared the same S. aureus strain, suggesting
that family members are a source of acquisition of S. aureus.
More recently, Elizur and colleagues (93) reported two epi-
sodes of transmission of CA-MRSA between siblings with CF.
The transmission of S. aureus between nonsibling CF patients
as well as the spread of MRSA from hospitalized patients
without CF to patients with CF were also reported (109, 273).
In a study by Nadesalingam and colleagues (215), MRSA-
infected CF patients spent more time in the hospital, received
more treatment days of ciprofloxacin or cephalosporin antibi-
otics, and were more likely to be infected with Aspergillus
fumigatus than age- and sex-matched, uninfected, control CF
patients.

Stenotrophomonas maltophilia

Taxonomy. As with Burkholderia species, S. maltophilia was
initially classified as a Pseudomonas species. It was subse-
quently placed into the genus Xanthomonas (301), and in 1993,
it was transferred into the new genus Stenotrophomonas (229).
Although phylogenetically not as closely related to Burkhold-
eria as the other species causing infection in CF, including
Achromobacter and Ralstonia species, S. maltophilia can also be
misidentified as a member of the B. cepacia complex (33, 201).
The use of rRNA-targeted PCR assays for species identifica-
tion avoids this diagnostic pitfall (348).

Incidence and prevalence. The role of S. maltophilia as a
nosocomial opportunistic pathogen, particularly among debil-
itated and immunocompromised patients and patients requir-
ing ventilatory support in intensive care units, is well estab-
lished (6, 127, 156, 212, 336). The incidence of infection in
non-CF patients has increased steadily in recent years (83, 270,
289), and a variety of clinical syndromes have been described,
including bacteremia, pneumonia, urinary tract infection, ocu-
lar infection, endocarditis, meningitis, soft tissue and wound
infection, mastoiditis, cholangitis, osteochondritis, bursitis, and
peritonitis (270).

Several studies reported that the incidence of S. maltophilia
infection in CF has also increased in recent years (16, 85, 195,
305). Data from the CFF Patient Registry support this, indi-
cating that the prevalence of S. maltophilia increased from
4.0% in 1996 to 12.4% in 2005, with the highest rates of
infection (15.8% in 2005) occurring for adolescents 11 to 17
years old (72, 249). Data from the Royal Brompton Hospital
CF database indicate that the prevalence of S. maltophilia in
adult CF patients increased from 1% in 1985 to 4% in 2005,
with the highest rate (7%) in 2005 being found among patients
16 to 25 years of age (203). However, the unreliability of
historical data regarding the prevalence of this species in CF
limits firm conclusions. Furthermore, in contrast to Burkhold-
eria and P. aeruginosa infection in CF, the infection of the
respiratory tract by S. maltophilia tends to be transient and
recurrent (82, 195, 197, 313). Thus, as described in more detail
below, estimates of the incidence and prevalence of S. malto-
philia infection in CF are significantly affected by the frequency
with which sputum cultures are obtained.
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Acquisition and transmission. S. maltophilia is commonly
found in soil, especially around the roots of certain crops (129).
In fact, it is among the most common causes of wound infec-
tion due to trauma involving agricultural machinery (2). It has
also been identified in well and river water, stream sediment,
raw milk, frozen fruit, and sewage (129, 289). However, the
sources of acquisition in nosocomial infection are poorly un-
derstood. The inappropriate use of hand moisturizing lotion
instead of soap by a health care worker was associated with
infection among bone marrow transplant recipients in one
center (159), while in another center, contamination of faucet
aerators in intensive care unit sinks was implicated as the
source of S. maltophilia infection (343). Other studies also
reported the recovery of this species from hospital sink drains,
faucets, and potable water (84, 85). However, genotyping anal-
yses typically have not provided a link between isolates ob-
tained from such hospital environmental sources and those
recovered from patients (84, 197). Furthermore, genotyping
analyses of several dozen strains recovered from non-CF pa-
tients in a large hospital demonstrated that the great majority
were genetically distinct, indicating a lack of a common source
of acquisition (314).

Denton and colleagues (85) found that 33 of 41 S. malto-
philia-infected CF patients in one treatment center harbored
genetically distinct strains; four pairs of patients shared strains,
suggesting either interpatient spread or acquisition from a
common environmental site. Krzewinski and colleagues (166)
analyzed S. maltophilia isolates from 183 infected CF patients
from multiple centers and found only three instances of shared
strains. More recently, Marzuillo and colleagues (197) ana-
lyzed 110 isolates recovered from 50 CF patients at a large care
center and identified five distinct strains that were each shared
by groups of two or three patients. None of 24 isolates recov-
ered from water, taps, and sinks in patient rooms matched any
of the strains recovered from infected patients. Thus, although
evidence for occasional interpatient transmission can be found,
it appears that the majority of S. maltophilia infections in CF
results from independent acquisition, most likely from envi-
ronmental sources.

The risk factors for infection with S. maltophilia by persons
with CF were reviewed previously (178). Broad-spectrum an-
tibiotic therapy, resulting in selective pressure that could pro-
mote the emergence of multiresistant bacteria, has long been
implicated as a risk factor for S. maltophilia acquisition.
Among non-CF patients, the use of carbapenem antibiotics,
especially imipenem, to which S. maltophilia strains are uni-
formly resistant, has been widely considered to confer an in-
creased risk of infection (94, 269, 271). However, similarly high
rates of S. maltophilia acquisition have been found between
persons receiving imipenem and those treated with the �-lac-
tam ceftazidime (41). In CF, the use of steroids or antipseu-
domonal agents, including quinolone antibiotics and inhaled
aminoglycosides, has been implicated as a risk factor (86). A
multivariate analysis of data generated in clinical trials of to-
bramycin solution for inhalation (TSI) demonstrated that the
only significant predictor of S. maltophilia isolation during the
last month of the trial was the concomitant use of oral quino-
lones and S. maltophilia isolation prior to treatment (118). The
use of TSI, systemic or inhaled steroids, or �-lactam antibiotics
did not predict subsequent S. maltophilia infection. In another

study, oral steroid use, multiple courses of intravenous antibi-
otics, and the isolation of A. fumigatus from sputum samples
were significantly associated with the isolation of S. maltophilia
(195). The positive association between the isolation of As-
pergillus fumigatus and the isolation of S. maltophilia from
sputum culture specimens were reported again recently (252).

Achromobacter (Alcaligenes) xylosoxidans

Taxonomy and nomenclature. Although Achromobacter
xylosoxidans has been recognized for many years as being ca-
pable of causing infection in persons with CF (161), the proper
nomenclature of this species has presented a challenge. The spe-
cies has been consecutively named Achromobacter xylosoxidans,
Alcaligenes denitrificans subsp. xylosoxidans, and Alcaligenes xy-
losoxidans subsp. xylosoxidans (320). The name Achromobacter
xylosoxidans was again proposed in 1998 (356), but this has not
been uniformly accepted. Thus, the species currently is correctly
called either Achromobacter xylosoxidans or Alcaligenes xylosoxi-
dans. Ongoing taxonomic evaluation of the genus Achromobacter
is suggesting that multiple distinct species are likely included
among isolates currently identified as being “A. xylosoxidans-like”
or “Achromobacter species” (my unpublished observations).

Incidence and prevalence. As with the B. cepacia complex
and S. maltophilia, the true frequency of infection due to A.
xylosoxidans in CF is difficult to ascertain. Data from the CFF
Patient Registry indicated a prevalence (defined as having had
at least a single positive culture) of 1.9% among patients re-
ported to the registry in 1995 (72). The reported prevalence
increased to 6.0% in 2005, with the highest rate (8.1%) being
seen among persons aged 18 to 25 years (249). Studies else-
where showed widely differing rates of infection, ranging from
less than 2% to nearly 30% depending upon how infection was
defined, the period of observation used in the study, and the
frequency with which surveillance cultures were obtained (78,
152, 247, 262, 295, 306).

Acquisition and transmission. The acquisition and transmis-
sion of Achromobacter species by persons with CF were re-
viewed previously (178). Similar to S. maltophilia, A. xylosoxi-
dans is an opportunistic pathogen associated with a variety of
human infections, including bacteremia, meningitis, pneu-
monia, endocarditis, peritonitis, osteomyelitis, urinary tract
infection, and endophthalmitis (90). Most infections are
nosocomially acquired, with neonates, burn victims, and
other immunocompromised patients being at the greatest
risk (338, 346). Outbreaks attributed to contaminated dis-
infectant solutions, dialysis fluids, saline solution, and
deionized water were described previously (185). The other
species in this genus, Achromobacter piechaudii, Achro-
mobacter ruhlandii, and Achromobacter denitrificans, are soil
inhabitants that rarely cause human infection (154).

There is little evidence that A. xylosoxidans is transmitted
between persons with CF. In two small single-center studies, all
infected patients harbored genotypically distinct strains (91,
339). In a multicenter analysis by Krzewinski and colleagues
(166), isolates from 92 infected patients were analyzed, and
five instances of shared strains were detected. A study of a CF
care center in Athens, Greece, reported that five of nine A.
xylosoxidans-infected patients, who were close social contacts,
shared a common strain (152), while a multicenter study in
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Belgium identified two patient clusters (one of 4 patients and
the other of 10 patients), each with a shared strain (316).
Although infection with A. xylosoxidans is frequently transient,
chronic infection for several years can occur and is most often
due to the persistence of the same strain (166, 205, 235, 262).

Mycobacteria

Taxonomy and nomenclature. There are currently some 175
species in the genus Mycobacterium. The great majority of
these are free-living inhabitants of the natural environment,
found in water and soil. Most of these species are not patho-
genic for healthy humans. Other species are obligate parasites,
with species in the Mycobacterium tuberculosis complex (M.
tuberculosis, Mycobacterium bovis, Mycobacterium africanum,
Mycobacterium caprae, Mycobacterium canetti, Mycobacterium
microti, and Mycobacterium pinnipedii), the causative agents of
tuberculosis, and Mycobacterium leprae and Mycobacterium lep-
romatosis, which cause leprosy, being the most notable. Among
the remaining nontuberculous mycobacteria (NTM) are sev-
eral opportunistic human pathogens (97, 149). These include
slow-growing species such as Mycobacterium kansasii, Myco-
bacterium marinum, Mycobacterium scrofulaceum, Mycobacte-
rium gordonae, Mycobacterium xenopi, and Mycobacterium ter-
rae as well as species in the Mycobacterium avium complex (M.
avium subsp. avium, M. avium subsp. hominissuis, M. avium
subsp. paratuberculosis, and Mycobacterium intracellulare)
(153). The rapid-growing NTM species include Mycobacterium
abscessus, Mycobacterium chelonae, Mycobacterium fortuitum,
and Mycobacterium smegmatis (31).

Incidence and prevalence. The isolation of NTM from res-
piratory specimens from CF patients has been reported since
the 1970s (134). Since then, estimates of the incidence and
prevalence of these species in CF have varied widely, with
reported prevalence rates ranging between 2% and 28% (4, 17,
95, 98, 101, 108, 133, 176, 214, 227, 279, 310). In 2003, a
prospective multicenter study of 986 CF patients aged 10 years
to 51 years (mean, 23 years) receiving care at 21 centers in the
United States found a prevalence rate of 13% (226). M. avium
complex isolates accounted for 72% of infected patients; M.
abscessus was the next most common, occurring in 16% of
patients. A subsequent study by Pierre-Audigier and col-
leagues (237) of 385 CF patients younger than 24 years (mean,
12 years) receiving care in three CF centers in Paris, France,
identified NTM infection in 8% of patients. In contrast to the
U.S. study, M. abscessus was most commonly found (39%),
followed by M. avium complex (21%) and M. gordonae (18%)
isolates. Of note, the prevalence of NTM was significantly
lower in patients younger than 15 years of age than in older
patients, and although M. abscessus was isolated at all ages, M.
avium complex isolates were not recovered in patients younger
than 15 years. A more recent study by Levy and colleagues
(177) found a prevalence of NTM infection of 22% among 186
CF patients (mean age, 24 years) receiving care in seven cen-
ters in Israel. Mycobacterium simiae was the most common
species recovered, accounting for 40% of NTM strains iso-
lated. This species, which is otherwise rarely associated with
human infection, is the most common NTM type isolated from
clinical specimens in Israel (268). As in other studies, M. ab-

scessus and M. avium complex strains were the next most com-
mon species found, representing 31% and 14% of NTM strains
isolated, respectively.

The numbers of patients reported to the CFF Patient Reg-
istry as being infected with NTM are relatively low; neverthe-
less, the reported prevalence has increased steadily in each of
the last 10 years, ranging from 0.85 in 1999 to 2.18 in 2008 (72).
Until culture for mycobacteria becomes a routine element in
the microbiological processing of CF sputum samples, these
data will underestimate the true incidence and prevalence of
NTM infection in U.S. CF patients.

Acquisition and transmission. The risk factors for the ac-
quisition of NTM by persons with CF remain incompletely
understood. A multicenter study by Olivier and colleagues
(226), in which M. avium complex isolates accounted for the
majority of NTM infection, found that compared with patients
without NTM infection, patients who were NTM culture pos-
itive were older, had better lung function, and had a higher
frequency of S. aureus infection and a lower frequency of P.
aeruginosa infection. Studies by others identified the presence
of Aspergillus species in sputum samples and steroid treatment
of allergic bronchopulmonary aspergillosis as being possible
risk factors for NTM acquisition (177, 214). The striking dif-
ferences in the distributions of NTM species recovered from
CF patients in different age groups noted by Pierre-Audigier
and colleagues (237), as described above, indicate that NTM
species vary significantly with respect to their epidemiology
and, most likely, virulence in CF.

There is little evidence for the interpatient transmission of
these species (17, 226). Jönsson and colleagues (148) found
that among 14 CF patients with NTM infection, a shared strain
was found only in a pair of siblings.

Other Bacterial Species

Haemophilus influenzae. Nontypeable H. influenzae isolates
are common commensals of the human upper respiratory tract
that are capable of causing a variety of infections, including
otitis media, sinusitis, bronchitis, and community-acquired
pneumonia. Chronic infection with H. influenzae can occur in
persons with lower airway diseases, such as chronic obstructive
pulmonary disease (COPD) and bronchiectasis. In CF, H. in-
fluenzae has long been recognized as a frequent colonizer of
the respiratory tracts of infants and children; this species is
recovered from approximately 20% of children with CF under
the age of 1 year (72). The prevalence peaks at approximately
32% for children aged 2 to 5 years and decreases thereafter,
falling to fewer than 10% among adults with CF. In 1995, the
overall prevalence of nontypeable H. influenzae isolates for
patients reported to the CFF Patient Registry was 10.3% (72).
This increased to 16.3% in 2008, with the greatest increases
being observed for children less than 5 years old. It is not clear
if this increase has resulted from the evaluation of a greater
number of young children with mild disease who have been
identified through newborn screening programs. Similar to the
general population, colonization of the upper respiratory tract
with H. influenzae in persons with CF appears to be quite
dynamic. Román and colleagues (258) assessed isolates recov-
ered from 27 CF patients over the course of 7 years (the
median period of observation per patient was 41 months). The
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majority (90%) of patients was cocolonized with two or more
distinct strains during the study period, and for only five pa-
tients was the same strain repeatedly isolated in serial cultures
during the observation period.

Ralstonia and Cupriavidus species. The genus Ralstonia was
named in 1995, with Ralstonia pickettii (formerly named
Pseudomonas pickettii and then Burkholderia pickettii) being
designated the type species (358). This species, although an
infrequent human pathogen, was identified in nosocomial out-
breaks and pseudoepidemics caused by contaminated diagnos-
tic and patient care solutions (28, 66). The genus Ralstonia
subsequently expanded to include several more species, some
of which, specifically, Ralstonia mannitolilytica, Ralstonia pau-
cula, and Ralstonia gilardi, were also identified in human clin-
ical specimens and hospital-associated outbreaks (55, 77, 318,
325, 342). In 2003, two new Ralstonia species, Ralstonia insid-
iosa and Ralstonia respiraculi, were identified from among “R.
pickettii-like” isolates recovered from CF sputum cultures (56,
67). Shortly thereafter, comparative 16S rRNA gene sequence
analysis, along with more detailed phenotypic analyses, indi-
cated that two distinct phylogenetic subgroups existed within
the genus Ralstonia. The name Wautersia was proposed for one
group, while the name Ralstonia was preserved for species in
the group that included R. pickettii (326). It soon became clear,
however, that Wautersia eutropha, the type species of the genus
Wautersia, was a junior synonym of Cupriavidus necator, the
type species of the genus Cupriavidus, which was named in
1987 (193). Thus, by taxonomic convention, the name Wauter-
sia had to be replaced by Cupriavidus, and all species of the
genus Wautersia became species of the genus Cupriavidus.

There are now five species in the genus Ralstonia. The spe-
cies known to cause human infection, including infection in CF
patients, are R. pickettii, R. mannitolilytica (previously known
as R. pickettii biovar 3/“thomasii”) (77), and R. insidiosa (56).
Among the 11 species now included in the genus Cupriavidus
(317) are Cupriavidus pauculus (previously known as Centers
for Disease Control and Prevention [CDC] group IVc-2) (318),
Cupriavidus gilardii (55), Cupriavidus respiraculi (67), and
Cupriavidus taiwanensis (44), all of which have also been re-
covered from respiratory cultures from CF patients (64).

The frequency and clinical impact of Ralstonia and Cupria-
vidus species infection in CF have not been systematically
studied (178). Burns and colleagues (35) found R. pickettii in
only 2 of 559 CF patients participating in TSI clinical trials. A
study in 2002 by Coenye and colleagues (66) identified 38
individuals infected with Ralstonia species from among several
hundred CF patients in the United States. Two-thirds (n � 25)
of these patients were infected with R. mannitolilytica: nine
patients were infected with R. pickettii, two harbored R. gilardii,
one harbored R. taiwanensis, and the remaining patient was
infected with a Ralstonia species that could not be classified
into one of the currently known species. No evidence of shared
strains, which is suggestive of interpatient transmission, was
noted, but genotyping analyses indicated chronic infection of
several patients. A more recent analysis of CF sputum isolates
referred to the Burkholderia cepacia Research Laboratory and
Repository (BcRLR) (University of Michigan) confirmed the
recovery of Ralstonia and Cupriavidus species from 72 and 73
CF patients, respectively, in the United States during the 5
years between 2004 and 2008 (Table 2). Again, R. mannitoli-

lytica accounted for the majority (60%) of Ralstonia infections,
while C. respiraculi was the most common (53%) Cupriavidus
species identified. It is important to note that these numbers
are based on isolates referred for analysis and so likely under-
estimate the true frequency of infection by these species in this
patient population.

Pandoraea species. The genus Pandoraea was described in
2000 following a comprehensive taxonomic evaluation of bac-
terial isolates recovered primarily from CF sputum cultures (54,
178). These isolates were initially identified as being either Burk-
holderia or Ralstonia species based on routine phenotypic testing
but could not be confirmed as such by genotypic assays. Four
species were named within this new genus, including Pandoraea
apista, Pandoraea pulmonicola, Pandoraea pnomenusa, and Pan-
doraea sputorum. A taxonomic study also indicated that the spe-
cies Burkholderia norimbergensis should be reclassified as a mem-
ber of this genus as well. An additional Pandoraea genomospecies
(i.e., species represented by too few isolates to receive a formal
binomial designation) was also defined. Subsequently, taxonomic
study by the Centers for Disease Control and Prevention demon-
strated that bacteria previously categorized as CDC weak oxidizer
group 2 (WO-2) isolates were P. apista, P. pnomenusa, or one of
three additional Pandoraea genomospecies (74).

Although many CF patients have been identified as being
chronically infected with Pandoraea species (54; my unpub-
lished observations), the prevalence of these species in CF is
unknown. Analysis of CF sputum isolates sent to the BcRLR
(University of Michigan) identified Pandoraea species in sam-
ples from 74 CF patients from the United States between 2004
and 2008 (Table 2). Among these patients, P. apista, P.
pnomenusa, and P. sputorum accounted for approximately
equal proportions of infections. Little is known regarding the
pathogenic role of these species in CF. Bacteremia due to P.
apista in an adolescent boy with CF as well as chronic respira-
tory tract infection with this species for several years in two
adult CF patients have been described (11, 144). A report in

TABLE 2. CF patients infected from 2004 to 2008

Genus No. of
patientsa

Acinetobacterb.......................................................................................53
Bordetellac.............................................................................................31
Cupriavidusd .........................................................................................73
Herbaspirillume .....................................................................................29
Inquilinusf .............................................................................................20
Pandoraeag............................................................................................74
Ralstoniah .............................................................................................72

a Number of U.S. CF patients from whom species within the genera indicated
were recovered from sputum cultures and referred to the Burkholderia cepacia
Research Laboratory and Repository (University of Michigan) for analysis be-
tween 1 January 2004 and 31 December 2008 (my unpublished data).

b Numbers of isolates are as follows: A. baumannii, 5; A. calcoaceticus,1; A.
haemolyticus, 1; A. johnsonii, 2; A. junii, 6; A. ursingii, 3; Acinetobacter species, 35.

c Numbers of isolates are as follows: B. avium, 2; B. bronchiseptica/B. parap-
ertusis 9; B. hinzii, 5; B. holmesii, 1; B. petrii, 3; Bordetella species, 11.

d Numbers of isolates are as follows: C. gilardii, 9; C. metallidurans, 2; C.
pauculus, 9; C respiraculi, 39; C. taiwanensis, 2; Cupriavidus species, 12.

e Numbers of isolates are as follows: H. frisingense, 3; H. putei, 1; H. seropedi-
cae, 2; Herbaspirillum species, 23.

f All isolates were Inquilinus limosus.
g Numbers of isolates are as follows: P. apista, 22; P. pulmonicola, 6; P.

pnomenusa, 21; P. sputorum, 20; Pandoraea species, 5.
h Numbers of isolates are as follows: R. pickettii, 25; R. mannitolilytica, 43; R.

insidiosa, 4.
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2003 described the spread of a P. apista strain among six CF
patients attending a winter camp, most of whom experienced a
significant deterioration in lung function thereafter (150). An-
other report that same year described sepsis and death due to
P. pnomenusa in a non-CF patient after lung transplantation
(299). Besides reports such as these, Pandoraea species are
troublesome in CF insofar as they are generally misidentified
as other species, particularly B. cepacia complex isolates, which
has a profound psychosocial impact on CF patients and their
families (61, 62, 207).

Inquilinus limosus. The genus Inquilinus was described in
2002 after a comprehensive taxonomic evaluation of CF spu-
tum isolates that defied assignment to a known bacterial spe-
cies based on phenotypic analyses (57). The single species in
the genus is Inquilinus limosus, which was named based on the
Latin adjective for “full of slime” or “slimy,” in recognition of
the highly mucoid phenotype of this species. A number of
reports have since described the recovery of I. limosus from CF
patients in North America and Europe (23, 46, 80, 130, 275,
347). An analysis of isolates referred to the BcRLR (University
of Michigan) identified this species in isolates from 20 U.S. CF
patients between 2004 and 2008 (Table 2). The genus Inquili-
nus also contains an as-yet-unnamed genospecies, representa-
tives of which have also been recovered from CF specimens
(57).

Although the significance of infection with I. limosus on the
clinical course of persons with CF is unknown, it is clear that
patients can remain chronically infected for prolonged periods
(46, 347; my unpublished observations). The source of acqui-
sition of this species is also unknown; however, a report of
infection in a non-CF patient suggests nosocomial acquisition
(157). Evidence for interpatient spread is lacking. In a report
of six I. limosus-infected CF patients, Schmoldt and colleagues
(275) found no shared strains, even among the three patients
who received care at the same time in the same CF clinic.

Miscellaneous aerobic species. Several other bacterial species
have been reported as being recovered from CF sputum cultures.
These include species that have been only rarely associated with
human infection, such as Bordetella hinzii, Comamonas testos-
teroni, Moraxella osloensis, and Rhizobium radiobacter, as well as
poorly defined Acinetobacter, Chryseobacterium, Herbaspirillum,
and Xanthomonas species (57). Most of these taxa are widely
distributed in the natural environment as saprophytes or patho-
gens of plants or animals. Their true frequency and role in pul-
monary disease in CF are unknown.

An analysis of isolates referred to the BcRLR (University of
Michigan) identified Acinetobacter species in specimens from
53 U.S. CF patients between 2004 and 2008 (Table 2). Only
five patients were identified as being infected with Acineto-
bacter baumannii, a species that has received considerable at-
tention as an emerging multidrug-resistant nosocomial patho-
gen (243). The majority of Acinetobacter-infected patients
harbored strains that could not be confidently placed into one
of the 24 species currently included in this genus.

A recent survey by Spilker and colleagues (291) identified
several Bordetella species among isolates recovered from re-
spiratory specimens from CF patients. Most were Bordetella
bronchiseptica/Bordetella parapertussis, although Bordetella hin-
zii, Bordetella petrii, Bordetella avium, and several uncharacter-
ized Bordetella species were also found. Chronic infection of an

adult CF patient with B. hinzii was reported (103). Spilker and
colleagues (292) also recently identified Herbaspirillum species
in cultures from 28 CF patients in the United States. A more
recent analysis of isolates referred to the BcRLR (University
of Michigan) identified 31 CF patients infected with Bordetella
species and 29 infected with Herbaspirillum species in the
United States between 2004 and 2008 (Table 2). Although the
role of these species in lung disease in CF remains unclear,
they are notable as being frequently misidentified, most often
as Burkholderia species, by routine phenotypic testing.

Recently, by using a combination of culture-independent
and culture-based approaches, Sibley and colleagues (282)
identified species within the Streptococcus milleri group (con-
sisting of Streptococcus constellatus, Streptococcus intermedius,
and Streptococcus anginosus) in several CF patients experienc-
ing exacerbations of respiratory symptoms. These species have
been detected in CF specimens by other investigators, again by
using both culture-independent and culture-based techniques
(38, 128, 312). That study by Sibley and colleagues as well as a
retrospective analysis of 10 other S. milleri-infected CF patients
suggest that species within this group may play a significant
role in pulmonary disease in CF (232).

Several species of enteric Gram-negative bacteria, such as
Escherichia coli, Morganella morganii, Klebsiella pneumoniae,
and Serratia marcescens, can also be recovered from CF spu-
tum cultures (35, 40). Among these bacteria, S. marcescens is
most frequently recovered (35, 57). In general, these are be-
lieved to be transient colonizers that are not associated with
severe disease.

Finally, a recent report described the recovery of Segnilipa-
rus rugosus from three patients with CF (37). This species along
with Segniliparus rotundus constitute the recently described
genus Segniliparus (36). These strongly acid-fast bacilli are
phenotypically similar to, and may be easily confused with,
rapidly growing mycobacteria. Whether or not these species
will be identified with increasing frequency in CF as culture for
NTM becomes routine remains to be seen.

Anaerobic species. The role that anaerobic species may have
in contributing to respiratory tract disease in CF has long been
debated. A few reports from the 1980s and 1990s described the
recovery of significant concentrations (�105 CFU/ml) of an-
aerobic species from transtracheal and thoracotomy specimens
from CF patients, suggesting infection of the lower airways (30,
143, 309). More recently, the demonstration of steep oxygen
gradients and fully anaerobic conditions in the lungs of CF
patients (354, 360) and the identification of anaerobic species
in CF sputum and bronchoalveolar lavage (BAL) specimens by
using culture-independent microbial detection methods (24,
163, 254–256) have renewed interest in the significance of
anaerobes in CF. Rogers and colleagues (254) used a 16S
rRNA-based culture-independent analysis to detect several
facultative and obligate anaerobic species in CF sputum sam-
ples, including Bacteroides sp., Porphyromonas sp., Prevotella
sp., and Veillonella sp. Harris and colleagues (128) used a
similar methodology to detect 65 different species in BAL fluid
samples from 28 children with CF. Again, several anaerobic
species, primarily Prevotella and anaerobic Streptococcus spe-
cies, were detected. Studies employing anaerobic cultures of
CF respiratory specimens also typically recover anaerobic spe-
cies in significant quantities. Tunney and colleagues (312) re-
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covered 14 genera of obligate anaerobes from cultures of 42 of
66 (64%) sputum samples from adults with CF as well as BAL
fluid specimens from pediatric patients. The species were pri-
marily within the genera Prevotella, Veillonella, Proprionibacte-
rium, and Actinomyces and were isolated in concentrations
comparable to those of P. aeruginosa (between 104 and 107

CFU/g of sputum). Infection with P. aeruginosa significantly
increased the likelihood that anaerobic species would be re-
covered from these patients. More recently, Worlitzsch and
colleagues (353) recovered one or more obligate anaerobic
species from sputum from 41 of 45 (91%) CF patients. A total
of 168 species belonging to 16 genera were identified, with the
most common species being Staphylococcus saccharolyticus and
Peptostreptococcus prevotii. Quantitative cultures again re-
vealed bacterial densities comparable to those found with P.
aeruginosa and S. aureus. However, in contrast to the study by
Tunney et al., the presence of P. aeruginosa did not increase
the likelihood of recovery of anaerobic species. Studies such as
these indicate that anaerobic cultures of respiratory tract spec-
imens from the majority of CF patients would be expected to
be positive for a variety of species. However, expectorated
sputum and even BAL fluid samples are likely contaminated
with bacteria residing in the upper airways, oropharynx, and
sinuses. Rogers and colleagues (255) used 16S rRNA-based
microbial profiling to demonstrate marked differences in the
microbial communities in mouthwash samples compared with
those in sputum samples from CF patients, suggesting that
expectorated sputum is not significantly contaminated by bac-
teria present in the oral cavity. Nevertheless, in the absence of
sterile sampling of the lower airways and/or a more direct
detection of anaerobes at these sites and better correlation
between the presence of anaerobic species and disease pro-
gression, questions about the relevance of these species in CF
will persist.

FUNGI

A variety of yeast and filamentous fungi have been recov-
ered from cultures of respiratory specimens from persons with
CF. Among these, A. fumigatus has received the most atten-
tion, being the most common filamentous fungus species iso-
lated and capable of precipitating a chronic allergic inflamma-
tory response or invasive infection after lung transplantation.
Other fungal species, including Exophiala dermatitidis and Sce-
dosporium species, are being increasingly recognized as being
capable of causing chronic colonization or infection of the
airways of CF patients. The epidemiology and clinical signifi-
cance of filamentous fungi in CF were recently reviewed (238).
Salient features of the epidemiology of yeasts and molds com-
monly identified in CF cultures will be highlighted in the fol-
lowing sections.

Aspergillus Species

A. fumigatus is the most common filamentous fungus in-
volved in CF lung disease. Reported prevalence rates vary
from 6% to nearly 60% (12, 18, 19, 48, 172, 202, 211, 220, 284,
285, 315). This wide range likely results from differences in
culture methodology, particularly the type of medium used to
recover fungi, the age of the patients studied, culture frequen-

cies, definitions of “Aspergillus positive,” and the periods of
observation used. Bakare and colleagues (12) used Sabouraud
glucose agar to recover A. fumigatus from 43 of 94 (46%) adult
CF patients (median age 28 years) receiving care in a German
center during a 6-month period. A similar rate was reported by
Valenza and colleagues (315), who recovered A. fumigatus
from 47 of 60 (78%) adult and pediatric patients (median age,
18 years) attending another German CF care center during
2006. In the United States, the prevalence of patients reported
to the CFF Patient Registry from whom Aspergillus has been
recovered is considerably lower but has increased from 11% in
1999 to 14% in 2008 (72).

Most studies in which the prevalence of A. fumigatus is
stratified by age indicate that infection is relatively uncommon
in young children and increases steadily with age (238). In two
multicenter studies from France, Pihet and colleagues (238)
showed that the mean ages of patients when A. fumigatus was
first isolated were 12.3 and 14.1 years, respectively. Genotyping
analyses indicate that patients may be sequentially or simulta-
neously infected with several different strains of A. fumigatus
(52). However, in recurrently or chronically infected patients, a
single strain eventually becomes dominant. Recently, Vanhee
and colleagues (331) used a high-resolution microsatellite-
based method to genotype 256 A. fumigatus isolates recovered
from eight chronically infected French and Belgian CF pa-
tients. A total of 161 distinct genotypes were found. Only four
types were shared between patients, and all patients were
found to be coinfected with multiple strains. For seven of the
eight patients, one or more strains persisted in sequential cul-
tures obtained at least 5 months apart, indicating that chronic
colonization with the same strain for prolonged periods of time
is not uncommon.

Although invasive infection with A. fumigatus can occur in
persons with CF, particularly after lung transplantation, the
most common complication of Aspergillus infection is allergic
bronchopulmonary aspergillosis (ABPA) (141). ABPA mani-
fests as a worsening of pulmonary disease with wheezing,
shortness of breath, cough, and chest pain. Estimates of the
frequency of ABPA vary widely owing to differences in the def-
initions of ABPA used by various studies. Currently, the diag-
nosis of APBA depends upon the presence of an acute or
subacute clinical deterioration not attributable to another eti-
ology and associated with (i) an elevated total serum IgE titer,
(ii) an immediate cutaneous reactivity to A. fumigatus or the
presence of specific serum IgE, and (iii) the presence of spe-
cific serum IgG or recent signs of infection upon chest radiog-
raphy that do not respond to physiotherapy or antibacterial
treatment (296).

Other Aspergillus species may also be recovered from cul-
tures of CF respiratory secretions. These species include As-
pergillus flavus, Aspergillus niger, Aspergillus nidulans, and As-
pergillus terreus. Among these species, A. terreus was reported
to be most common (238).

Other Fungal Species

Scedosporium species. The genus Scedosporium (formerly
known as the anamorph, or asexual state, of the genus Pseu-
dallescheria) currently contains five species: Scedosporium ap-
iospermum, Scedosporium boydii, Scedosporium prolificans, Sce-
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dosporium aurantiacum, and Scedosporium dehoogii (106).
These are saprophytic filamentous fungi that are found to be
widely distributed in the natural environment, including in soil,
sewage, contaminated water, and farm animal manure (81,
300). Among these species, S. aurantiacum and S. dehoogii
have been only recently described; consequently, reports of
these species causing human infection are lacking (106). In
contrast, several reports described S. apiospermum (or its
former anamorph, Pseudallescheria boydii, which is now placed
in the distinct species S. boydii) and S. prolificans as emerging
opportunistic pathogens in immunocompromised hosts (42,
121, 253). These two species have also been described as being
recovered from CF patients, although there are few good es-
timates of infection frequency in this population. As many as
10% of CF patients receiving care in an Australian care center
were reported as having had Scedosporium species recovered
from sputum cultures during a 17-month period in 1997 and
1998 (351). Around the same time, a 5-year prospective study
from France recovered S. apiospermum from sputum samples
from 11 of 128 (8.6%) CF patients, making this the most
common filamentous fungus identified after A. fumigatus (50).
More recently, Scedosporium species were recovered from 6 of
42 (14%) CF patients in a German CF care center (137). In
contrast, although Aspergillus and Candida species were recov-
ered from more than half of the 60 CF patients studied from
January to December 2006 at another German CF care center,
no Scedosporium species were identified (315). This difference
in rates of recovery likely results from differences in the culture
methodologies used in these studies. The use of a semiselective
medium such as yeast extract-peptone-dextrose agar plus cy-
cloheximide or dichloran-rose bengal-chloramphenicol agar
plus benomyl significantly facilitates the recovery of Scedospo-
rium (238).

A recent review of 162 cases of S. prolificans infection re-
ported in the English-, Spanish-, and French-language litera-
ture found that CF was second only to malignancy as the most
common underlying condition associated with infection; 19 of
162 cases (12%) occurred in CF patients (253). The risk factors
for the acquisition of Scedosporium species by CF patients are
not clear. S. apiospermum has been found in polluted soil and
water and, notably, in the soil of 36 of 55 (65%) potted plants
sampled in the homes of six CF patients infected with this
species (81, 238). There is little evidence of the interpatient
spread of S. apiospermum between CF patients. Defontaine
and colleagues (79) performed genotyping analysis of 129 iso-
lates recovered from nine CF patients receiving care in three
French centers between 1998 and 1999. No shared strains were
found, and most patients were chronically infected with a sin-
gle strain.

Exophiala (Wangiella) dermatitidis. Exophiala (Wangiella)
dermatitidis grows as a black yeast at 37°C and as a filamentous
fungus at room temperature. The taxonomy and nomenclature
of this species are controversial. While it is most often referred
to as E. dermatitidis, it is considered by many taxonomists to be
more properly classified as the single species in the genus
Wangiella. Nevertheless, this species was first described as
causing infection in persons with CF in 1990 (124). Several
more case reports describing the recovery of this species from
CF patients, primarily in Germany, subsequently appeared (25,
87, 123, 138, 169, 216, 248, 274). Reported prevalence rates

among CF patients in Europe range between 1% and 16% (12,
138, 238); however, reports of this species causing infection in
CF patients in North America are lacking. This apparent dis-
crepancy in prevalences most likely stems from differences in
culture methodologies. Recovery of E. dermatitidis from cul-
tures requires incubation times as long as 4 weeks. Further-
more, a selective medium such as erythritol-chloramphenicol
agar (ECA) may be necessary for recovery, especially in the
presence of other fungal and bacterial species. Horré and col-
leagues (138) found ECA to be superior to other media, in-
cluding Sabouraud glucose agar, for the recovery of E. derma-
titidis from 5 of 81 CF patients (6%) whose ages ranged from
9 to 35 years (mean, 22 years). E. dermatitidis can survive for
many months in hot and moist conditions and was described as
having a particularly high prevalence in sauna facilities (198).

Candida species. Candida species, especially Candida albi-
cans, are often recovered from sputum cultures from CF pa-
tients. Indeed, Bakare and colleagues (12) isolated C. albicans
specimens from 71 of 94 (75%) CF patients studied during a
6-month period. In a prospective study employing six different
culture media, Valenza and colleagues (315) recovered C. al-
bicans isolates from 47 of 60 (78%) children and adults with
CF studied during a 12-month period. However, given the high
frequency with which C. albicans inhabits the skin and oro-
pharynx, the relevance of isolating this species in CF sputum
cultures is not clear. Other Candida species, including Candida
glabrata, Candida parapsilosis, Candida dubliniensis, and Can-
dida tropicalis, are much less frequently recovered (27, 35, 192,
217, 234).

Miscellaneous fungal species. Other fungal species that
were reported as having been recovered from CF respiratory
cultures include Penicillium emersonii (49) and Acrophialo-
phora fusispora (51, 113). Both species are inhabitants of soil
and have rarely been associated with human infection. A. fu-
sispora was recently reported as being recovered from three
children and one adult with CF in France (51). The difficulty in
identifying this species may result in its occurrence being un-
derestimated in CF.

VIRUSES

The role of viruses in contributing to the exacerbation of
pulmonary symptoms and progression of lung disease in CF
has been the subject of numerous studies during the past three
decades (1, 8, 69, 125, 132, 136, 228, 236, 240, 246, 286, 340).
Most of these studies have relied on viral detection in clinical
specimens by using standard tissue culture, immunofluores-
cence, or serological assays, and, not surprisingly, most found
a positive correlation between the presence of respiratory vi-
ruses and worsening of symptoms. In general, typical respira-
tory viruses have been identified in these studies, although
their relative frequencies vary widely among studies, most
likely due to differences in detection methods, patient ages,
and seasons. Respiratory syncytial virus (RSV) has typically
been the most common virus identified, followed by influenza
A and B viruses (328). Parainfluenza virus and adenovirus have
usually been found at lower frequencies, and older studies did
not include assays for the detection of coronavirus or human
metapneumovirus. Several studies have shown that although
the frequency of infection, seasonal occurrence, and distribu-
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tion of viruses involved do not differ significantly between CF
patients and non-CF controls, infections of CF patients are
often more severe and have a longer duration (132, 246, 340).

More recently, nucleic acid-based detection methods, in-
cluding virus-specific PCR and microarray-based assays, have
been used to investigate the epidemiology of viral respiratory
infection in CF patients. Punch and colleagues (241) used a
multiplex reverse transcriptase PCR assay capable of detecting
influenza A and B viruses; parainfluenza viruses 1, 2, and 3;
RSV; and adenovirus to investigate 52 sputum samples from 38
Australian adults with CF who were hospitalized with exacer-
bations of respiratory symptoms. Overall, 12 (23%) of the
samples were PCR positive: 4 samples were positive for influ-
enza B virus, 3 each were positive for parainfluenza and influ-
enza A viruses, and 2 were positive for RSV. A study by Olesen
and colleagues (225) employed PCR assays for the same vi-
ruses as well as for human rhinovirus and human metapneu-
movirus in a prospective study of 75 Danish children (median
age, 8 years) whose sputum samples were tested monthly dur-
ing a 12-month period in 2002 and 2003. A total of 96 speci-
mens from 45 patients were virus PCR positive, with rhinovirus
accounting for the great majority of virus isolates (87%). Para-
influenza virus accounted for 6% of the positive specimens,
influenza A virus accounted for 3% of the positive specimens,
and adenovirus and RSV each accounted for 2% of positive
tests; no specimens were PCR positive for influenza B virus or
metapneumovirus. In contrast, Garcia and colleagues (104)
used serological assays to detect metapneumovirus infection in
20 of 42 (48%) children aged 7 to 18 years with acute respira-
tory illness studied prospectively at a Texas CF care center
during a 7-month period in the winter of 1998 and 1999.

Another recent prospective study by Wat and colleagues
(341) assessed the incidence of respiratory viruses in 71 Welsh
children (median age, 9 years) with CF during a 17-month
period between 2002 and 2004. Nasal swabs were obtained
whenever subjects had an exacerbation of respiratory symp-
toms and/or when subjects were asymptomatic during bi-
monthly clinic visits. Specimens were examined for the pres-
ence of respiratory viruses, including influenza A and B
viruses, RSV, parainfluenza virus types 1 to 4, rhinovirus, and
coronavirus by using real-time nucleic acid sequence-based
amplification. Among the 138 specimens obtained during epi-
sodes of respiratory exacerbation, 63 (46%) were positive for
one of the viruses included in the test panel. In contrast, 23 of
136 (17%) specimens from asymptomatic patients were posi-
tive. Rhinovirus was the most common virus detected for both
groups, and significantly more influenza viruses were detected
in children with exacerbations than in those without exacerba-
tions.

The observation made by several older studies that respira-
tory viral infections are no more frequent in individuals with
CF than in non-CF controls was again demonstrated recently
in a prospective study from the Netherlands (327). Twenty
young children with CF (mean age, 3.5 years) and 18 age-
matched, healthy, non-CF control subjects were contacted
twice weekly during a 6-month winter period. Nasal swabs were
collected when children had respiratory symptoms or at least
every 2 weeks and examined by using PCR assays to detect
rhinovirus, enterovirus, coronavirus, adenovirus, metapneu-
movirus, RSV, and influenza A and B viruses. No differences

between the CF patients and controls in either the frequency of
respiratory viral infection or the distribution of the viruses
involved were found. Rhinovirus was detected in all of the
study subjects; coronavirus and enterovirus were the next most
common viruses detected. Metapneumovirus and influenza vi-
ruses were found in only seven and three children, respectively.

Although it seems clear that the epidemiology of respiratory
virus infection among persons with CF does not differ signifi-
cantly from that of the general population, the impact that
such infections have on the progression of pulmonary disease
in CF remains an active area of investigation. Evidence from
both in vitro and in vivo models strongly suggests that synergy
between viruses and bacteria plays an important role in pro-
moting bacterial colonization of the respiratory epithelium and
possibly in decreasing bacterial clearance from lungs (142, 240,
246, 286, 294, 329, 330, 340). Recent studies also suggest that
respiratory viruses interact with CF epithelial cells to potenti-
ate the proinflammatory effects of bacterial infection, possibly
through facilitating the dispersal of bacteria from biofilms
within the airway lumen (267).

CAVEATS TO ASSESSING CHANGES IN MICROBIAL
EPIDEMIOLOGY IN CF

Perception is real even when it is not reality.
—Edward de Bono, Maltese physician, educator, and au-

thor.

Is There an Expanding Spectrum of Microbial Species
Involved in Infection in CF?

Many reports published during the past couple decades de-
scribed various microbial species as having “emerged” as new
respiratory pathogens in persons with CF. The implication is
that certain species, such as B. cepacia, S. maltophilia, and A.
xylosoxidans, have only recently become pathogens in this pa-
tient population. However, the mechanisms underlying this
apparent phenomenon have not been clearly articulated.
While it is well established that microbial species may acquire
an enhanced capacity to cause human infection (i.e., through
the acquisition of genes encoding virulence factors), firm evi-
dence that this is primarily responsible for the emergence of
“new” pathogens in CF is lacking. More commonly, the emer-
gence of new pathogens in CF is attributed to changes in the
CF host population that have been driven by changes in the
care and treatment provided to persons with CF (203); that is,
while the possibility exists that alterations in microbial species
account for their ability to emerge as new pathogens in CF, it
is more certain that changes in the management of persons
with CF have altered this patient population, potentially cre-
ating a greater opportunity for more species to cause infection
therein.

Most notable among these changes has been the increase in
life expectancy of persons with CF during the last 20 years. The
median predicted rate of survival for persons born with CF in
the United States has increased from approximately 28 years of
age in 1990 to nearly 40 years of age today (Fig. 2). It is
anticipated that soon, approximately half of all persons living
with CF will be adults aged 18 years or older. This growing
population of adults with CF effectively represents a novel
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ecological niche, which one could argue provides an expanded
opportunity for human colonization or infection by typically
nonpathogenic microbial species. Furthermore, much of the
success in increasing life expectancy in CF has been attributed
to the greater availability and more aggressive use of antibiot-
ics (164). New therapies, such as quinolone and inhaled anti-
biotics, have become a standard part of CF care. There has also
been a steady movement away from the episodic treatment of
respiratory exacerbations that typified CF care for many years
toward chronic suppressive antibiotic therapy as well as early
aggressive treatment intended to eradicate initial respiratory
tract colonization/infection. These strategies have arguably
placed greater selective pressures on the microbes causing
infection in CF, possibly facilitating the emergence of species
with multidrug resistance phenotypes.

These arguments explaining the possible emergence of new
species in CF notwithstanding, there are other factors that
have likely contributed to the perception that the spectrum of
infectious agents in CF has expanded recently. Perhaps chief
among these are the refinements in microbial taxonomy that
have occurred during the past 20 years, particularly with re-
spect to bacterial species. This has resulted in numerous revi-
sions in species nomenclature and the description of several
novel taxa. This is best illustrated by the reassignment of sev-
eral Pseudomonas species to the novel genera Burkholderia and
Ralstonia in the early 1990s (Fig. 3). Bacteria identified as
being B. cepacia strains were subsequently found to be com-
prised of at least 17 distinct species in what is now referred to
as the B. cepacia complex. Bacteria that were identified as R.
pickettii or “R. pickettii-like” were subsequently recognized as
representing at least three novel species, including R. manni-
tolilytica, R. insidiosa, and R. respiraculi. Further taxonomic
evaluation eventually led to the reclassification of the latter
species as Cupriavidus respiraculi. Detailed study of “B. cepa-
cia-like” and “R. pickettii-like” bacteria, recovered primarily
from CF respiratory specimens, resulted in the description of
the new genus Pandoraea, which currently includes five species.
Thus, bacteria that were identified as belonging to one of two
species, P. cepacia and P. pickettii, 20 years ago are now rep-
resented by at least 25 distinct species, most of which may be
perceived as novel species that have only recently “emerged”
as new pathogens in CF. The development and use of im-
proved methods for the identification of these species contrib-

ute to the perception that these species are being found with
increasing frequency in CF sputum cultures.

In addition to the reclassification of existing species and the
development of methods for their accurate identification, the
ability to detect a broader range of microbial species in clinical
specimens also likely contributes to the sense that the spectrum
of species involved in CF infection is expanding. Culture-inde-
pendent approaches for characterizing the microbial commu-
nity of the CF respiratory tract suggest that a much greater
array of species may be involved in CF infection than previ-
ously appreciated (24, 128, 163, 254, 257). As species that
heretofore have not been recognized as typical CF pathogens
are detected by such methods, they too may well be perceived
as having only recently become involved in CF lung disease.
The detection of bacteria belonging to the Streptococcus milleri
group in CF sputum samples illustrates this point. These fas-
tidious species frequently do not grow on standard laboratory
media but have been identified recently in association with
acute pulmonary exacerbations in CF patients by using a com-
bination of culture-independent and culture-based approaches
(282). If such findings are corroborated in further studies,
these species may be added to the list of emerging pathogens
in CF. It will remain unclear, however, whether these species
have truly only recently become pathogens in CF or have gone
unrecognized in CF due primarily to difficulties in their recov-
ery from culture and accurate identification.

Have the Incidence and Prevalence of Infection by Specific
Species Really Changed?

As described in the preceding sections, analysis of the infor-
mation available from small single-center studies, as well as
from larger multicenter studies and national patient registries,
suggests that several changes have occurred in the incidence
and prevalence of infection due to specific microbial species in
CF in recent years. A recent analysis of the U.S. CFF Patient
Registry, which currently includes in excess of 23,000 regis-
trants, found that the reported annual prevalence of infection
due to P. aeruginosa and members of the B. cepacia complex

FIG. 2. Median predicted survival age for U.S. CF patients born in
the years indicated. (Based on data derived from reference 72.)

FIG. 3. Taxonomic changes in CF-relevant species. Solid arrows
indicate changes in genus names. Dashed arrows indicate the identi-
fication of novel species based on a taxonomic assessment of “atypical”
isolates within the species indicated.
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decreased significantly between 1995 and 2005 (249). The re-
ported prevalences of S. aureus, H. influenzae, S. maltophilia,
and A. xylosoxidans infection all increased during this interval.
A recent analysis of the Royal Brompton Hospital (United
Kingdom) CF database, which included 195 patients in 1985
and 391 patients in 2005, similarly showed significant increases
in the prevalences of infection due to S. maltophilia and A.
xylosoxidans between 1985 and 2005 (203). As in the United
States, the proportion of patients reported to be infected with
B. cepacia complex strains decreased between 1990 and 2005.
In contrast to the data from the United States, however, no
significant changes in the proportion of patients infected with
P. aeruginosa or S. aureus were found during this interval.

The reasons for these apparent changes in microbial epide-
miology in CF are not entirely clear. Again, it is quite possible
that changes in patient care and demographics have played a
role in altering infection frequencies. The increasingly aggres-
sive use of antibiotics targeting P. aeruginosa in both chronic
suppressive and early eradication strategies may be contribut-
ing to declines in the prevalence of infection due to this species
(203, 249). The increasing median age of patients with CF may
be providing new opportunities for infection by S. maltophilia,
A. xylosoxidans, NTM, and other species, as described above.
Better adherence to rigorous infection control measures may
have resulted in a decrease in the incidences of P. aeruginosa
and certain B. cepacia complex species.

However, data gleaned from patient registries and single-
center databases must be interpreted with caution. Although
such data repositories provide an invaluable resource, there
are several pitfalls that may confound interpretations of the
data therein (272). Not the least among these is confounding
resulting from missing data (i.e., variables that were not ini-
tially considered for inclusion in the registry). An illustration is
provided by MRSA, the prevalence of which has clearly in-
creased among U.S. CF patients during the past decade. Nev-
ertheless, the calculation of the statistical significance of the
changes in MRSA prevalence rates based on the rate of 0.1%
reported to the CFF Patient Registry in 1995 is problematic
insofar as a data field for MRSA was not included in the
registry at that time (110, 114).

The methods employed for collecting and reporting data for
inclusion in such registries have an enormous bearing on the
quality and interpretation of the data that they provide. Dis-
crepancies between data reported to the CFF Patient Registry
and data collected by a separate active surveillance program at
the same institution have been described (68). Moreover, reg-
istries that are limited to annual data entry (one entry per year)
lack the granularity of information in registries that provide for
real-time or encounter-based data entry. As registries evolve to
enable more opportunities for data entry and better standard-
ization of input data, the limitations of earlier data must be
taken into account when longitudinal trends are assessed.

Historical differences in the methods used for specimen pro-
cessing and species identification also contribute to the relative
reliability of data included in patient registries. Recommenda-
tions for and adherence to protocols for processing of CF
respiratory specimens (e.g., the use of selective media for Burk-
holderia and, more recently, for staphylococci) have varied
considerably during the past decade (281, 361). High rates of
misidentification of several CF-relevant species by commer-

cially available microbial identification systems have been well
described (29, 66, 158, 201, 265, 280, 291, 292, 334). In some
surveys, for example, more than 1 in 10 isolates referred to
reference laboratories initially identified as B. cepacia complex
or A. xylosoxidans isolates had been misidentified (201, 265).
Data from the CFF Patient Registry indicate that in 1996,
1.9% of U.S. CF patients were infected with A. xylosoxidans;
however, this species was detected by a reference laboratory in
8.7% of 595 CF patients enrolled in a 6-month antibiotic trial
at approximately the same time (35).

The role that species misidentification may have in con-
founding interpretations of infection rates derived from pa-
tient registries is further illustrated by recently reported trends
in the rates of B. cepacia complex infection. Data from the CFF
Patient Registry indicate that the incidence of B. cepacia com-
plex infection in U.S. CF patients decreased significantly, from
1.3% to 0.8% between 1995 and 2005 (249). Analysis of iso-
lates referred to the BcRLR (University of Michigan) indicates
that during the period from 2000 to 2008, an average of 41
patients per year (range, 34 to 47 patients) were initially misi-
dentified as being infected with B. cepacia complex isolates by
U.S. CF care centers. Confirmatory testing of isolates effec-
tively decreased the number of B. cepacia complex-infected
patients reported to the CFF Patient Registry during these
years. Thus, it may be argued that the availability of reference
laboratories specializing in CF microbiology has improved the
reliability of data provided to patient repositories and may
account for some of the trends observed in rates of infection
for specific species. As specimen processing is standardized
and identification systems improve, particularly for uncommon
human pathogens, the rates at which these species are identi-
fied in the clinical laboratory would be expected to increase
(i.e., unless the actual rate of infection has decreased). Com-
paring current rates of infection to rates observed before the
widespread acceptance of recommended protocols for sample
processing and the availability of reliable identification meth-
ods is inherently problematic.

The frequency with which surveillance cultures are obtained
from patients is yet another factor that is critical in determin-
ing rates of infection, particularly for species such as S. malto-
philia and A. xylosoxidans that often transiently infect the re-
spiratory tracts of persons with CF (82). Data from the CFF
Patient Registry indicate that only 4% of U.S. CF patients were
culture positive for S. maltophilia in 1996 (72). During this
time, surveillance sputum cultures were generally obtained
from U.S. CF patients on an annual or semiannual basis. In a
large multicenter antibiotic clinical trial conducted around that
time, wherein sputum cultures were obtained several times
during the course of 6 months and processed by a single ref-
erence laboratory, 30% of subjects had at least one sputum
culture positive for S. maltophilia (35, 118). Most patients were
only intermittently culture positive; indeed, patients who were
culture positive at any time point were more likely than not to
be culture negative at the next time point. Although these
results could have been biased by selective pressure from the
antibiotic being studied, longitudinal studies have shown sim-
ilar results. Ballestero and colleagues (16), for example, found
that 30% of CF patients were sputum culture positive for S.
maltophilia at least once during a 5-year study period. A study
at the pediatric and adult CF units in Leeds, United Kingdom,
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indicated that although only 13 of 557 (2.3%) patients were
defined as being chronically infected (culture positive on at
least three occasions over a 6-month period) with A. xylosoxi-
dans during the years 1992 to 1999, a further 31 (5.5%) pa-
tients were intermittently colonized (306). A single-center
study from Belgium, in which sputum culture samples were
obtained from all patients every 3 months, found that 17.9% of
140 patients had at least a single positive culture, but only 5.3%
of the patients were chronically infected with A. xylosoxidans,
having had at least three positive cultures during at least 9
months (78). A study from Italy reported that 22 (29.3%) of 75
patients had at least one positive culture during the period
between 2003 and 2007 (247). Rates of infection with NTM
species are similarly dependent on culture frequency. In fact,
Levy and colleagues (177) found that the frequency of sputum
culture was the most significant predictor for the isolation of
NTM strains among patients in a large multicenter survey.

CONCLUDING REMARKS

Despite the advances made in the care of persons with CF
and the impressive increases in life expectancy observed during
the last 20 years, infection of the respiratory tract remains the
leading cause of morbidity and mortality for this patient pop-
ulation. A better understanding of the microbial epidemiology
of CF would be expected to provide further opportunities to
improve treatment strategies and refine infection control mea-
sures. Further definition of the types of microbial species caus-
ing infection in CF and analysis of the rates with which such
infections occur are fundamental to these efforts.

Case reports and relatively small-scale, single-center studies
provided much of the descriptive data that constituted our
understanding of CF microbial epidemiology in the 1980s and
early 1990s. Since then, several factors have contributed to the
impression that there have been marked changes in this epi-
demiology in recent years. Most significant among these have
been refinements in bacterial taxonomy, CF respiratory sample
processing, and species identification methodologies, all of
which have led to a marked expansion of the breadth of mi-
crobial species that are now recognized as being involved in
infection of CF airways. At the same time, however, changes in
patient care, particularly the more aggressive use of antibiotic
therapy, the implementation of more stringent infection con-
trol measures, and the dramatic increase in life expectancy in
CF, have provided a rationale to interpret this expansion of
“CF-relevant” species as involving more than ascertainment
artifact.

The assessment of changes in the incidence and prevalence
of infection due to specific microbial species in CF, particularly
those that occur in a relatively small proportion of patients,
requires the use of large multicenter, national, or international
registries. Indeed, such registries are critical, often providing
the only opportunity to power statistically sound analyses of
changes in infection frequency. As such, they provide the ob-
servational data needed to assess the impact of new therapies
and infection control measures, to identify risk factors for
infection, and to generate hypotheses regarding apparent
trends in rates of infection. However, the design and operation
of such registries require great care and prescient consider-
ation of factors that may confound future analyses. As impor-

tant, the pitfalls inherent in interpreting data derived from
such registries must be respected by investigators.

Moving forward, it is likely that further changes in patient
care (e.g., the introduction of new therapies and changes in the
frequency of routine surveillance cultures) and improvements
in microbial detection and identification will drive additional
changes in the microbial epidemiology of respiratory tract in-
fection in CF. The use of culture-independent microbial de-
tection methods in particular has the potential to provide an
unprecedented view of the microbial ecology of the CF respi-
ratory tract. Future efforts to better understand the microbial
epidemiology of CF will need to move beyond a one-dimen-
sional perspective to account for the polymicrobial nature of
CF respiratory infection. Tracking the relative frequencies with
which various combinations of microbes colonize and infect
the CF airways will be the next challenge.
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